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SECTION  I 
INTRODUCTION 

Following  the  discovery  and  development  of  the  laser,  applications  whicli 
utilize  the  brightness  and  collimation  of  laser  beams  have  piolifcratcd.  Many  of  the 
applications  require  wide  angle,  high  resolution  laser  beam  sieering.  One  such  appli 
cation  is  laser  recording.  The  effort  under  this  contract  !•>  to  develop  a  magneto-optic 
laser  beam  steering  device  which  can  be  used  in  a  laser  recording  application.  T!.e 
device  goal  is  that  an  875  line.  1000  spot.  70  frame/sec  raster  is  to  be  generated  with 
low  drive  power  and  enough  optical  efficiency  to  allow  recording  on  3414  film  vita 
moderate  laser  beam  power.  The  concept  of  magneto-optic  laser  beam  steering  has 
been  demonstrated  during  w'ork  sponsored  mainly  by  two  previous  United  States  Air 
Force  contracts  (F3361 5-72-('-l083  and  F‘33615-73-C-l035).  and  the  results  are 
found  in  the  Final  Reports.* 

Following  a  brief  description  of  magneto-optic  laser  beam  steering,  tlic  work 
performed  for  this  contract  is  described.  The  two  main  tasks  are:  1 )  preparation  of 
the  stripe  domain  BRIG.  (Bismuth  substituted  rare  earth  iron  garnet),  crystal  and  2) 
design  and  fabrication  of  the  drive  electronics. 

A  magneto-optic  light  detlector  based  on  the  stripe  domain  phenomenon  is 
inherently  a  wide  angle,  two  dimensional,  high  resr>lution  detlector.  Diffraction  ol  a 
light  beam  occurs  as  a  result  of  a  periodic  variation  in  the  wave  amplitude  or  phase 
across  a  wave  normal  surface.  Magnetic  stripe  domains  can  introduce  a  periodic  I  SO^ 
phase  variation  in  a  light  beam.  Consider  an  array  of  stripe  domains  in  a  magnetic 
platelet  and  a  light  beam  propagating  normal  to  the  platelet.  Figure  1.  A  stripe 
domain  is  a  long,  straight  region  of  uniform  width  in  wliich  the  magiieti/.ation  vector 
is  nearly  constant.  In  an  array  of  parallel  stripe  domains  the  magneti/ation  in  every 
domain  has  one  component  which  is  in  the  plane  of  the  idatelet  and  parallel  to  the 
stripe  direction  (see  Figure  1,  where  the  domains  are  parallel  to  the  x-a.\is).  This 
component  has  a  constant  magnitude  everywhere  in  the  array  and  causes  the  stripes 
to  line  up  with  the  applied  magnetic  field.  The  other  magneti/ation  cotnponent 
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Figure  1.  Stripe  tliMiuiins  in  ;i  platelet.  One  component  ofniagneti/ation,  M. 

points  out  of  tlie  plane  in  tlie  odd-numbered  domains  and  into  the 
plane  in  the  even-numbered  domains.  Light  propagates  upward  with  a 
wave  vector  K  perpendicular  to  the  platelet  and  is  rotatei.  clockwise 
■  with  respect  to  K)  in  even-numbereii  domains  and  counter  clockwise 
in  odd-numbered  domains.  The  rotated  optical  electric  vector  is  F.|^; 
the  initial  is  F  |,  and  the  alternating  component  is  i; 
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which  is  normal  lo  tlie  plane  of  the  platelet  introduces  the  periodic  phase  variation 
in  the  light  heam.  This  component  points  parallel  to  the  /.-axis  m  the  odd  luimhered 
domains  and  the  opposite  way.  aiitiparallel  to  the  /.-axis  in  tiie  even-mimhered  do¬ 
mains  (see  Figure  1 ).  Since  the  sense  of  the  magneto-optic  polarization  rotation 
depends  on  whether  the  light  propagates  parallel  or  antiparallel  to  the  magneti/a- 
tion.  this  arrangement  produces  a  differential  Faraday  rotation  hetween  light  passing 
through  the  even-numbered  domains  and  the  light  passing  through  the  odd- 
numbered  domains.  The  differentially  rotated  light  beam  has  an  electric  component 
which  is  orthogonal  to  the  incident  electric  vector  polarization  and  which  has  180° 
alternations  (parallel  and  aiitiparallel  to  y  axis)  which  match  the  periodic  domain 
structure.  In  the  far  field  region  this  alternating  vector  adds  construclively  at  angles 
given  by  Sin  =  n  X/ld  where  d  is  the  width  of  a  domain.  X  is  the  light  beam 
wavelength,  and  n  is  the  order  of  the  beam  (n  =  0.  1 .  3.  etc  ).  The  maximum 
intensity  in  the  diffracted  beams  is  attained  when  the  Faraday  rotation  is  +‘)0°.  In 
this  speci.il  case  8  I'r  of  tlic  light  goes  into  the  first  order  diffracicd  beams.  goes 
into  the  third  order  beam,  and  so  on.  Not  only  do  the  stripes  lii’c  uji  parallel  to  an 
applied  magnetic  ficki  but  the  stripe  width  depends  inversely  on  the  strength  of  tiic 
applied  field.  Variations  in  stripe  width  of  an  order  of  magnitude  have  been 
measured.  Thus,  both  the  dit fraction  angle  and  the  diffiaelion  axis  can  be  varied  by 
the  applied  magnetie  field.  Conseriuently.  stripe  domains  can  be  used  as  a  wide 
angle,  two  dimensional  light  deflector,  (’hanges  in  ilil fraction  angle  of  20°  and 
changes  in  dellcctioii  axis  of  .^(»()°  have  been  measuied  with  a  green  (.sl4.s  A)  Ar 
laser  line. 

The  rate  at  which  a  strijic  domain  detlecior  can  scan  is  the  rate  at  which  the 
stripe  doinaiiis  can  be  alteied.  I  liis  depends  on  the  mlriiisii.  propel  ties  of  the  stripe 
domain  element,  and  the  rate  at  which  the  external  magnetic  Helds  used  lo  control 
the  stripes  can  be  changed.  There  are  (wo  basic  switching  modes  foi  magnelie 
platelets:  wall  motion  and  magncti/alion  rotation.  While  the  sjieeds  of  both 
P'oeesses  depend  on  (he  materials  used  and  the  magnitude  of  the  fields  applieil.  the 
latter  process  occurs  typically  in  approximately  10  nanoseconds,  while  the  former 
process  takes  place  in  a  few  microseconds.  W'hile  eitlier  mode  is  possible  with  the 
stripe  domain  dcllcctor,  the  wall  motion  process  appe.iis  preferable  at  Ibis  point 
because  the  electronics  for  applying  the  magnetic  field  are  simpler,  and  bee.mse  the 
extra  s(H’ed  ol  the  rotation  I'locess  is  not  rer|uired  for  ihe  applications  anticipated 


The  etTlciency  of  tlie  ilctlector  cun  be  dramatically  improved  by  usiny  the  high 
I'igure  of  merit  garnets.  The  efficier.cy  vs  wavelength  is  shown  for  various  materials 
in  Figure  2.  The  original  I  .Ob  ^im  material  was  YIG.  The  elTiciency  is  about  .14  at 
room  temp  and  about  .8  for  YICi  at  77“K.  The  value  tor  YIG  shown  in  Figure  2  is 
lower  than  this  but  reasonable  since  the  efficiency  depends  on  the  exact  location  of 
the  absorption  band  edge.  The  efficiency  of  Gd-)  bi  Fe^  Oj  ^  is  over  .0  for  a  broad 
range  of  wavelengths  at  room  temp  Furthermore,  the  high  rotation  allows  the  use  of 
platelets  which  are  about  300  )am  thick  for  single  pass  operation  and  wl  icli  are 
about  30  jum  thick  in  multiple  pass  configuration.  The  efficiency  of  Bi  jY-y  3Fe5 
0|  T  is  also  quite  high.  It  is  expected  that  by  increasing  the  bismuth  content,  the 
efficiency  can  match  that  of  the  Gd  garnet.  Fven  at  short  wavelengths  6328A,  the 
efficiency  is  at  least  I  57V . 
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WAVELENGTH  (/i’s) 


Light  Deflection  LlTiciency  vs.  Wavelengtli  for  Various  Materials. 


SECTION  II 


DEFLECTOR  CRYSTAL  PREPARATION 


A.  Background 

Liquid  Phase  epitaxy  was  selected  for  the  method  of  BRIG  deflector  crystal 
preparation  on  the  strength  of  previous  detlector  crystal  preparation.^  In  principle 
it  is  the  most  direct  way  to  obtain  planar  garnet  structures  which  are  optimized  for 
wide  angle,  high  resolution  laser  beam  steering  at  6328A.  The  crystal  uniformity  and 
perfection  is  limited  only  by  the  perfection  of  the  substrate  crystal  and  the  closeness 
of  substrate  to  epi-layer  lattice  match  (at  temperatures  ranging  from  growth 
tejnperature  to  room  temperature),  provided  that  straightforward  preeautions  are 
observed  during  substrate  preparation  and  crystal  growth.  Alternative  methods  of 
deflector  crstal  preparation  include  slow  cooling  of  a  melt  for  bulk  crystals,  top- 
seeded  growth  at  a  constant  melt  temperature,  and  hydrothermal  growth  for  layers 
or  free  crystals. 

Prior  to  the  start  of  this  project,  epitaxial  garnet  crystals  of  BiYblG  had  been 
grown  from  two  distinctly  different  types  of  Bi-)03  melts:  3120^,  high  temperature 
(900  -  1  lOO^C)  melts  for  which  garnet  is  the  precipitate  and  low  temperature  (800  - 
900°C)  melts  for  which  garnet  is  not  the  primary  precipitate.  The  high  temperature 
melts  produced  crystals  which  were  used  to  determine  the  lattice  constant  vs  growth 
temperature  curve.  Figure  3, for  BiYblG  and  BiYIG.  The  low  temperature  melts 
always  produced  crystals  which  were  smoother  and  had  fewer  cracks.  One  would 
expect  on  the  basis  of  Figure  3  that  epitaxial  BiYblG  crystals  grown  on  GGG  at  temper¬ 
atures  below  105(fC  should  exhibit  a  compressive  strain  since  the  free  lattice  con¬ 
stant  of  such  a  BiYblG  ought  to  be  larger  than  the  substrate  lattice  constant.  The 
compressive  nature  of  the  strain  can  be  .spotted  easily  by  observing  the  domain  struc¬ 
ture.  What  was  observed  was  that  the  magnetic  anisotropy  of  every  crystal  grown 
prior  to  April  1974  (and  every  one  since)  is  nomial  to  the  film  plane.  If  some  of 
these  crystals  were  under  compressive  strain  the  anisotropy  ought  to  be  in  the  plane 
(or  at  least  some  of  the  crystals  should  have  normal  and  some  should  have  in  plane 

'Technical  Report  AFAL-TR-72-396  (March  1973) 
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LATTICE  CONSTANT 


Figure  3.  Lattice  Consuuit  vs.  Growth  Temperature  for 
Bi  YbK.,(^),  and  Bi  YI(](A). 
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anisotropy).  It  is  assumed  that  the  Bi^'*’  ions  do  not  iiinuencc  the  growth  iiuluccd 
anisotropy.  Thus,  we  undertook  to  measure  the  thermal  e.xpaiision  rate  of  the 
BiYbIG  crystals  relative  to  tlie  substrate  material. 

B.  BRIG  Thermal  Match 

The  pseudomorphic  model^  for  epitaxial  garnet  crystals  shows  why  garnets  sucli 
as  YIG  can  be  grown  on  substrates  such  as  (JGG  in  such  a  way  that  tlie  strain  present 
in  the  crystal  at  room  temperature  depends  only  on  the  lattice  match  at  room 
temperature.  The  differential  thermal  expansion  may  be  off-set  by  a  deliberate 
lattice  mismatch  at  growth  temperature.  Hence,  when  the  crystal  is  cooled  to  room 
temperature  the  differential  thermal  contraction  is  compensated  by  the  initial  state 
of  strain  present  at  growth  temperature.  The  differential  thermal  expansion  rate 
(e.g.,  for  YIG  on  GGG)  is  small.  Typical  differential  expansion  coelficients  are  1-2  x 
10'^  per°K.3 

A  crystal,  421,  was  selected  for  the  thermal  match  measurement.  It  was  grown 
from  a  low  temperature  non  garnet  melt,  and  is  mechanically  sound  enough  to  pro¬ 
vide  x-ray  data.  The  crystal  was  fixed  to  a  goniometer  in  such  a  way  that  it  could  be 
heated  to  a  given  temperature  while  the  spacing  of  the  (888)  planes  was  measured. 

The  resolution  of  this  particular  single-crystal  x-ray  technique  is  about  0.003A: 
however,  smaller  differences  can  be  detected  when  the  peaks  are  well  separated.  So. 
if  Aa  ~  1  x  10~^’/°K,  then  the  film  peak  would  be  nearly  stationary  relative  to  the 
substrate  peak  as  the  crystal  temperature  is  varied  from  22°C  to  162°C'.  Note  that  in 
this  case  ( Aa)  ( A  T)  a^  ~  0.001  A.  On  the  other  hand,  if  Aa  is  much  larger  than  I  x 
10"^’  then  the  (888)  x-ray  peak  separation  should  change  as  the  crystal  is  heated 
from  22°('  to  162°C'.  This  is  exactly  what  was  observed.  In  Figure  4,  A  a-*-,  the 
lattice  difference,  (aj,  -  Uj  )  in  the  direction  perpendicular  (-*-).  to  the  crystal  plane 
is  plotted  vs  crystal  temperature.  The  data  shows  that  Aa-*-  changed  by  0.02.‘iA. 

A  lower  bound  for  |Aa|  can  be  derived  from  this  data:  Aa  ~  -  14  x  IO~^V°lx. 

This  is  about  a  factor  of  I  2  different  from  Aa  for  YIG  on  G(JG. 


^Besser  et  al.  All’  conf  I’roc  No  5,  (1971 )  >’  1  2.‘5. 
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As  a  check  on  tlie  instrumentation,  A  a^  was  measured  for  several  samples  of 
YIG  on  GGG.  Figure  4  shows  A  a-*-  vs.  crystal  temperature  for  a  CVI)  YIG  crystal 
(provided  by  Autonetics)  and  for  a  LPE  YIG  crystal.  The  agreement  of  the  measured 
Aa  and  published  Ao  for  the  GVD  YIG  crystal  is  excellent. 

Figure  5  shows  data  for  YIG  crystal  609  grown  in  a  PbO  melt.  While  the  actual 
mismatch  is  large,  (0.030 A),  at  room  temperature,  the  computed  Aa;^-2.5  x  10“^. 
Tliis  compares  favorably  with  a  value  computed  for  YIG  on  the  basis  of  data  given 
by  Geller  et  al.^'‘^'^ 

Thus  the  measurement  technique  is  verified  with  respect  to  the  value  of  Aor 
computed  for  BiYblG.  One  interpretation  of  such  a  large  Aa  is  that  it  is  due  to  the 
presence  of  the  Bi  ions  in  the  crystal.  Another  cause  of  the  large  Aa  could  be 
platinum  contamination  in  the  crystal.  An  experiment  was  conducted  to  probe 
this  question  and  is  described  in  this  section.  The  measurement  was  also  per¬ 
formed  on  a  BiTm  IG  crystal  grown  in  a  PbO  melt;  the  result  is  substantially  the 
same. 


In  order  to  understand  and  explain  the  lattice  constant  mismatch  for  the 
BiYblG  film  in  Figure  4  it  is  helpful  to  consider  papers  by  Besser^*^’  et  al  anil 
Makino  et  al^  on  stresses  in  epitaxial  films.  In  these  papers  a  model  is  developed  to 
explain  film  stress  and  sign  in  terms  of  room  temperature,  lattice  constant  mismatch 
and  thermal  expansion  coefficients.  The  model  assumes  elastic  behavior  between 
room  temperature  and  growth  temperature.  The  model  is  most  applicable  when 
thennal  expansion  coefficients  for  the  film  and  .substrate  are  reasonably  well 
matched,  e.g..  [a^  -  a^,!  <  1-2  x  10”^’ /”K.  The  validity  of  the  model  for  GVD 
magnetic  oxide  films  has  been  demonstrated  by  ferromagnetic  resonance  measure¬ 
ments  and  by  observations  of  magnetic  domain  structures  and  film  crazing. 

In  general,  the  lattice  constant  of  the  film  will  differ  from  that  of  the  substrate 
at  the  growth  temperature.  For  purposes  of  the  model,  it  is  assumed  that  this 

^(ieller  et  al,  J.  AppI  Cryst  ( 1 969)  2,  86. 

-‘’(Jelleret  al.  Math  Res.  Bull.  Vol  7,  PP  1  219 -(1972) 
f’Besseretal  Mat.  Res.  Bull.  6.  (1971)  I  1  I  I-II24) 

^Makino  et  al  All’  Conf  Proc.  No  1 8.  ( I  973)  80 
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mismatch  in  lattice  constants  is  accommodated  in  one  of  two  ways.  I'or  small  values 
of  lattice  constant  difference,  the  misfit  is  assumed  to  be  taken  up  by  the  homojrene- 
ous  elastic  deformation  of  the  film  so  that  it  fits  to  the  substrate,  which  is  con¬ 
sidered  to  be  massive  compared  to  i  e  film  so  that  it  does  not  defonn.  This  rant’e 
where  the  lattice  mi.smatch  is  accommodated  by  elastic  deformation  will  be  referrcti 
to  as  Region  I.  As  the  mismatch  is  increased,  limiting  values  are  reached  beyond 
whicli  tb  ’  stress  is  relieved  by  some  mechanism,  possibly  the  formation  of  misfit 
dislocations  at  the  interfa  :e.  This  second  range  of  lattice  mismatch  will  be  referred 
to  as  Region  II. 

In  Region  I,  the  stress  depends  only  on  the  room  temiierature  lattice  constant 
mismateh  and  is  independent  of  growth  temperature.  Whereas,  in  Region  II,  the 
stress  (and  hence  the  lattice  mismatch)  is  due  only  to  thermal  expansion  mismatch 
and  is  indeperdent  of  room  temperature  lattice  constant  mismatch. 

LPF  is  additionally  complicated  by  the  fact  that  film  composition  (and  there¬ 
fore  room  temperature  lattice  constant  and  thermal  expansivity)  can  be  and  fre¬ 
quently  are  dependent  on  crystal  growth  temperature.  Fven  so.  the  above  model  for 
eVD  films  can  be  very  helpful  in  understanding  the  results  of  LPH  film  growth. 

Another  source  of  mismatch  problems  could  be  platinum  contamination  from 
the  crucible.  A  crucibleless  technique  was  devised  for  growing  films  of  HiYbIG. 

O 

Robbins  et  al  reported  that  iron  garnet  films  could  be  grown  on  gallium  garnet  sub¬ 
strates  by  using  a  coprecipitated  slurry.  This  technique  was  adapted  so  that  a  film 
could  be  grown  free  of  any  platinum  contamination.  A  micro  melt  of  BiiO^.I'e-tO:^ 
and  Yb-»0  j  was  placed  on  a  substrate  which  in  turn  was  located  on  a  poivcrystallinc 
Bi  j  Yb')Fc-)0|  T  pellet.  The  pile  was  then  lowered  into  a  furnace  and  the  Bi-iO^  in 
the  micro  melt  liiiuified  forming  a  llux  that  wet  the  substrate  but  did  not  run  off  the 
substrate.  After  a  brief  growth  period  the  substrate  was  removed  from  the  furnace. 
X-ray.  thermal  expansion  data  was  obtained  on  one  such  crystal:  the  thermal  mis¬ 
match  measured  about  the  same  as  that  of  the  crucible  grown  crystals.  Thus  plati¬ 
num  contamination  does  not  appear  to  be  a  significant  factor  in  crystal  growth 
characteristics  or  mismatch  properties. 

^Robbins  et  al  AIPConf.  Proc.  No.  5  (1971 )  101. 


13 


C.  Implications  of  the  Large  Thermal  Mismatch. 
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It  is  important  that  the  crystal  grows  in  Region  I.  This  is  the  only  way  the 
domain  mobility  and  uniformity  can  be  optimized.  The  misfit  dislocations  generated 
by  Region  II  growth  prevent  tlie  form  dion  of  a  uniform  grating  and  impede 
the  motion  of  the  domain  walls.  Wiiat  is  the  consequence  of  a  large  Aa  for  a  type  I 
film?  Cronemeyer  et  al^  and  Ma  hews  et  al^  ^  have  shown  that  for  films  on  massive 
substrates,  fractures  will  occur  if  the  film  thickness  exceeds  the  Griffith  Crack 
Length:  he  =  ( l-N)rQa-/57r(^a)“:  N  =  1 /3  is  Poissons  ratio,  r^,  =  3A  is  the  inter¬ 
atomic  spacing,  and  Aa  is  the  room  temperature  lattice  mismatch.  If  the  crystal 
grows  in  Region  1,  then  the  match  at  growth  temperature  is  within  .02A  to  .OSAJ 
But  because  of  the  large  differential  thermal  contraction,  the  room  temperature 
match  Aa  ~  (.  1  -  .02)A  ~  .08A;  for  such  a  film  he  ~  0.2  pm.  The  thickness  of  the 
epi-!ayer  cannot  exceed  he:  so,  the  epi-layer  thickne.ss  must  be  less  than  0.2  pm. 

BRICi  deflector  crystals  of  thickness  less  than  3  pm  are  not  useful. 

D.  Crystal  Preparation  Alternatives 

I  he  foregoing  has  shown  that  simple  epitaxy  is  not  possible  for  the  formation 
of  high  quality  BiYbIG  deflector  crystals.  The  following  methods  were  tested 
as  alternatives: 

1 .  Find  a  modification  of  BiYbIG  with  lower  thermal  expansivity. 

2.  Modify  the  GGG  or  SmCiG  substrate. 

3.  Reduce  the  growth  temperature. 

4.  Abandon  LPF  in  favor  of  bulk  crystals. 

While  the  first  alternative  is  conceptually  appealing,  the  BiYbIG  deflector 
materials  requirements  already  include:  1 )  high  magneto-optic  rotation,  2)  low 

^^Cronemeyer  AlP  Conf.  lYoc.,  No.  5,  t  Id71 )  115 
’^Mathews  et  al.  AIPConf.  Proc.,  No.  10  Part  1  (  l‘)72)  p  271 
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optical  absorption,  3)  normal  anisotropy,  4)  high  curie  temperature,  5)  low  magnetic 
coercivity  or  hi»h  wall  mobility.  To  add  to  this  not  only  the  lattice  match  require¬ 
ment,  but  also  thermal  expansion  requirement,  is  to  add  to  a  list  that  is  already  long. 
Nevertheless  the  possibility  should  not  be  ignored. 

The  second  alternative  should  be  probed  by  adding  Bi  to  the  substrate.  The 
ionic  radius  of  lies  between  Pr  and  Nd  and  so  on  the  basis  of  size  Bi  should 
substitute  into  GGG  and  SmGG.  The  gallium  garnet  can  be  prepared  in  either  bulk 
or  epitaxial  form.  The  epitaxial  form  is  used  primarily  to  obtain  an  insight  into 
BiGGG  properties. 

The  second  approach  to  substrate  modification  is  the  thinning  of  the  substrate 
such  that  it  is  no  longer  massive  compared  to  the  film.  Thinning  is  accomplished 
either  by  etching  or  by  mechanical/chemical  polishing.  The  equivalent  to  a  thin  sub¬ 
strate  is  a  very  massive  epitaxial  crystal.  In  the  limiting  case,  a  BiYbIG  rod,  is 
grown  on  a  substrate  seed. 

Several  methods  exist  to  reduce  the  growth  temperature.  PbO  -Bi203-B-)03 
fluxes  can  be  used  for  BiRlG  crystal  growth  at  temperatures  below  700°C.  However, 
until  some  means  exists  to  prevent  the  increased  optical  absorption  due  to  lead 
inclusion  this  approach  is  rejected.  Substrate  crystals  ma>  possibly  be  prepared  in 
this  way.  Another  possible  way  to  reduce  the  growth  temperature  is  to  use  the 
hydrothermal  technique.  While  this  technique  has  been  demonstrated'  •  “  for  YIG, 
it  remains  untried  for  BiRlG  crystals. 

The  fourth  alternative  is  accomplished  by  growing  via  slowly  cooling  a  Bi203 
melt  or  by  using  a  top  seeded  ionic  salt  /B2O3  melt.  While  the  Bi903  melt  is  known 
to  produce  crystals,  it  would  be  difficult  to  obtain  large  uniform  crystals  since  the 
change  in  lattice  parameters  (see  Figure  3)  introduced  by  cooling  the  melt  would 
cause  zoning.  The  top  seeded  approach  is  an  isothermal  method  and  so  it  should  be 
possible,  in  principle,  to  avoid  the  zoning.  Of  these  alternatives  each  one  was  tried 
with  the  exceptions  of  BRIG  modification  and  hydrothermal.  So  far  the  most 

'  ^  Laudisc  and  H.  D.  Kolb,  J.  Am.  Cer.  Soc.,  Vol.  45,  2  (1962)  51 
*  “Ferrand  and  Daval,  J.  Cryst  Growth  17  ( 1 972)  31  2 
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promising  method  is  thinning  of  GGG  substrates.  The  results  of  the  various 
approaches  will  be  discusser!  next. 

E.  Massive  LPE  Crystals  on  Thin  Substrates 

It  has  been  shown  that  whenever  a  massive  substrate  is  used  the  epitaxial  garnet 
must  meet  certain  lattice  match  conditions  over  the  entire  range  of  temperature  from 
growth  to  room  temperature.  The  condition  for  the  differential  thermal  expansion 
match  can  be  relaxed  if  the  substrate  is  not  ma.ssive  with  respect  to  the  epi-layer.  A 
massive  epi-layer  will  deform  a  very  thin  substrate  just  as  a  massive  substrate  will 
deform  a  thin  epi-layer. 

1 .  Substrate  Thinning 

Several  methods  have  been  tried  in  the  thinning  of  substrates:  1 )  mechanical 
ch.inical  polishing  (Syton,  Monsanto).  2)  etching  in  hot  phosphoric  acid,  and  3)  ion 
machining.  The  main  result  is  that  mechanical  polishing  to  20-40  gm  followed  by 
etching  in  phosphoric  heated  to  165°-185°C  is  a  quick  repeatable  way  of  obtaining 
substrates  5-10  jum  thick. 

Pieces  of  GGG  and  SmGG  substrate  material  about  600  gm  thick  and  0.5  to 
1 .0  cm  dia.  are  attached  to  steel  discs  which  are  in  turn  attached  to  a  polishing 
fixture.  The  substrates  are  quickly  polished  with  a  sequence  of  coarse  320  through 
600  cit  papers  to  200-300  gm  thickness.  Syton  is  used  to  remove  another  100-200 
gm.  The  substrate  is  then  removed  from  the  disc  and  remounted  with  the  polished 
side  down.  Whenever  the  bonding  agent  for  the  substrate  pieces  does  not  dissolve 
easily  in  warm  water  or  some  other  solvent,  the  steel  piece  itself  is  dissolved  in  nitric 
acid.  The  process  is  repeated  with  only  a  brief  trimming  with  grit  paper.  Syton  is 
used  to  reduce  the  substrate  to  20-40  gm.  Several  pieces  of  GGG  were  thinned  to 
under  1 0  gm.  In  all  about  30  pieces  were  thinned  to  under  40  gm. 

In  the  course  of  searching  fora  selective  etch  to  remove  GGG  from  a  massive 
BRIG  cry.stal.  substrates  were  thinned  by  a  hot  phosphoric  acid  etch.  Figure  6  shows 
a  curve  of  etch  rate  vs.  bath  temperature  for  GGG.  The  etch  rate  was  substantially 
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tlio  same  for  CiCG  and  BRICI  in  agreement  with  Miller*  •■^,  the  etch  used  at  I  75°C'  is  a 
convenient  supplement  to  Syton  polishing.  Substrates  were  etched  routinely  to  10 
/am  maximum  thi  .kness  over  the  area  .5  cm  diameter.  A  piece  of  600/am  thick  Ci(iCi 
was  etcheil  to  7S  jum  thickness.  However  variation  in  thickness  by  ±  25  /am  were 
observed. 

The  substrate  crystals  thinned  by  polishing  are  not  damaged.  The  phosphoric 
etch  rate  is  greater*^  for  damaged  or  strained  crystals.  Thus  mechanical  defects  in 
polished  garnets  would  show  up  in  the  eteh  treatment.  Oecasionally  scratches  were 
revealed  by  the  etch.  ITequently  the  CGG  and  .SmdG  substrates  which  were  supplied 
by  SRC  were  free  of  scritches  or  pits. 

2.  LPF  on  Thin  Substrates 

A  number  of  BRIG  crystals  have  been  grown  on  thin  si  bstrates.  The  main  test  It 
is  that  unfractured,  sound  crystals  2-3  mm  across  have  been  obtained.  The  crystals 
were  grown  in  a  Bi-tOyFe-iO^-YbiOj  melt  with  the  following  proportions  .21  5 
moles  Bi-iOj  .100  moles  Fe-iO-^  and  .07  moles  of  Yb->0^.  The  growth  lemperature 
was  caried  with  changes  in  the  nutrient  concentration.  The  stable  phase  of  this  ntJl 
is  garnet.”  The  growth  temperatures  rangeil  from  I040''C  to  lO^O  ’C.  I  he  long 
growtli  periods  make  the  high  temperature  garnet  melts  more  useful  than  the  low 
temperature  non  garnet  melts”.  Crystals  75  ^m  thick  were  grown  at  rates  of  1-3 
i  /iin/min. 

The  initial  crystals  were  grown  on  substrates  which  were  =  5  /am  thick.  Such 
thin  substrates  were  too  delicate  to  attach  to  any  platinum  fixture.  I  he  epi-layers 
were  grown  by  floating  the  substrate  on  the  melt  surface.  I  lie  upper  side  of  this 
substrate  usually  remained  bare,  lixtreme  care  was  reriui red  to  prevent  spontane¬ 
ously  nucleated  particles  from  being  trapped  beneath  the  substrate  and  consequently 
from  being  included  into  the  growing  crystal. 

'^D.  ('.  Miller  J.  l-leetron  Mtls.  Vol  I.  4  (1672) 

''^Idectro  Chem.  Soe.  Vol.  120  No.  5  (1673)  678 
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It  became  evident  that  the  5-10  /am  substrates  are  very  dilYiciilt  to  handle,  and 
that  immersing  the  substrate  is  preferred  to  tloating  it.  So,  20-40  /am  substrates  were 
mounted  in  the  immersion  fixture,  thinned  to  10  /am  or  less  in  phosphoric  acid,  and 
while  left  in  the  same  fixture,  immersed  into  the  melt.  1  his  resulted  in  fewer 
inclusions,  and  a  better  yield  of  crystals. 

3.  Statics  of  BRIG  Crystal  Films  on  Thin  Substrates 

When  a  film  is  being  grown  in  a  flux  at  high  temperature  there  is  no  stress  on 
the  fi.m,  provided  that  the  lattice  constants  of  the  film  and  substrate  match. 
This  match  can  he  accomplished  by  using  an  appropriate  mixture  of  large  or  small 
rare  earth  ions  in  the  flux,  and  by  using  the  proper  growth  temperature.  Thus  there 
shoidd  be  no  cracking  during  the  growth  of  the  film.  Only  when  such  a  film  is  with¬ 
drawn  and  cooled  does  cracking  occur  due  to  thermal  tnismatch. 

When  the  fdm  and  substrate  are  withdrawn  the  bismuth  substituted  film,  which 
has  a  larger  coefficient  of  expansion  than  the  substrate,  is  subjected  to  tension. 
Tension  on  an  outside  surface  causes  cracking.  An  exterior  surface  can  survive  a 
much  larger  compressive  stress  than  a  tensile  stress.  Tension  inside  the  crystal  is 
tolerable.  In  fact,  “tempered”  glass  is  made  by  cooling  hot  glass  quickly  enough  so 
the  outside  layer  .solidifies  before  the  interior.  This  imts  the  outer  surface  of  the 
glass  in  compression  and  the  interior  in  tension.  Such  glass  is  extremely  tough.  Thus 
the  problem  is  to  either  make  a  film-substrate  combination  such  that,  upon  cooling, 
the  exterior  film  surface  is  under  compression,  or  at  the  very  least,  under  very  much 
reduced  tension. 

The  desired  goal  of  making  a  crystal-substrate  combination  such  that  at  room 
temperature  the  exterior  surface  of  the  film  is  in  greatly  reduced  tension  or  in  com¬ 
pression  can  be  achieved  by  the  use  of  thin  substrates.  There  are  three  cases:  in  the 
first,  film  layers  are  grown  on  both  sides  of  the  substrate  (see  Figure  7).  If  the 
substrate  is  thin,  it  will  be  easily  compressed,  thus  relieving  much  of  the  strain  of  the 
films.  In  the  second  case,  a  film  is  grown  on  only  one  side  of  the  substrate  (see 
Figure  8).  If  the  substrate  is  not  too  large  in  area,  the  strain  will  cause  a  liish-like 
deformation.  When  the  substrate  thickness  is  less  than  twice  the  film  thickness,  the 
exterior  surface  of  the  film  is  in  compressiem.  When  the  substrate  thickness  is  less 
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Figure  8.  Greatly  Exaggerated  Drawing  of  a  Tliin  Substrate 
with  LPE  Film  Grown  on  one  Surface. 
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than  half  the  film  thickness,  the  exterior  surface  of  the  substrate  is  in  compression  as 
well.  In  the  third  case,  a  film  is  sandwiched  between  two  substrates  of  eijual  thick¬ 
ness  (see  Figure  9).  Tliis  is  done  by  first  depositing  a  film  on  a  thin  substrate,  one 
side  of  which  is  covered  by  a  thin  vacuum  deposited  platinum  layer.  The  film  and 
substrate  are  then  removed  from  the  melt  and  without  cooling,  placed  in  a  second 
melt  in  the  same  furnace.  Here  a  layer  of  substrate  material  (CJGG  or  SmGG)  is 
deposited.  When  the  film,  sandwiched  between  the  two  layers,  is  removed  and 
cooled,  all  exterior  surfaces  are  under  compression. 

The  second  method  has  been  tried  with  success.  Crack  free  films  25  /am  thick 
have  been  grown  on  substrates  ranging  from  10  pm  thick  to  25  p  thick.  However, 
the  most  promising  method  is  the  third  one.  It  has  the  advantages  of  an  unbent  film 
in  which  the  strain  is  uniform  throughout  and  of  being  coated  with  substrate 
material  to  which  the  flux  does  not  adhere. 


When  films  are  grown  by  LPE  on  both  sides  of  a  substrate,  and  then  cooled, 
both  substrates  and  film  v/ill  deform  without  bending  due  to  the  difference  in 
thermal  expansion  coefficients.  Define  the  following  symbols: 


Let  T 
T, 


o 

Of 

Of 


•'s 

*f 


room  temfK’rature 

growth  temperature 

stress  in  film 

stress  in  substrate 

coefficient  of  expansion  in  film 

coefficient  of  expansion  in  substrate 

Young’s  modulus  of  film  and  substrate 

thickness  of  film 

thickne.ss  of  substrate 

strain  in  film 

strain  in  substrate 

sj-  -  Sj,  at  growth  temperature 
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DEPOSITED  SUBSTRATE 


Figure  9.  Thin  Film  Sandwiched 


COMPRESSION 


Two  Layers  of  Substrate  Material. 


Ihe  Young’s  moduli  of  both  garnets  (film  and  substrate)  are  assumed  to  be 
the  same.  The  first  equation  follows  from  the  definition  of  the  coefficient  of 
expansion: 

Sf- Ss  =  (af- To)  +  So  (1) 

This  equation  is  true  even  if  the  film  and  substrate  are  stretched  by  external  forces. 
The  temi  Sq  arises  if  the  lattice  constants  of  film  and  substrate  are  different  at 
growth  temperature. 

Tlie  second  equation  is  a  statement  that  the  net  sum  of  all  forces  on  a  static 
tody  must  be  zero; 

2ofhf  +  Oshs  =  0  (2) 

Tlie  third  equation  is  that  the  stress  is  proportional  to  the  strain: 

Oj-  =  ESj-  and  =  t  (3) 

Equations  ( 1 ),  (2),  and  (3)  are  three  simultaneous  equations  that,  when  solved, 
yield: 


Sf=  ((Of-a^XT-  To)  +  Sol  /(I+2N  (4) 

This  equation  shows  the  advantage  of  using  a  thin  substrate.  For  example,  if  the  film 
thickness  and  the  substrate  thickness  are  equal  (hj  =  hg).  then  the  strain  of  the  film 
is  only  one  third  of  the  value  the  strain  would  be  if  the  substrate  were  very  thick. 

When  only  one  side  of  a  substrate  is  covered  by  a  film,  the  combination  will 
deform  when  cooled  to  room  temperature.  Two  types  of  deformation  are  possible:  a 
spherical  deformation  like  a  saucer  and  a  cylindrical  deformation.  Tlie  former  is 
energetically  more  favorable  for  small  area  .substrates  and  small  strains,  the  latter  for 
large  substrates  and  large  strains.  The  condition  for  the  existence  of  the  spherical 
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deformation  is  very  roughly  that  the  radius,  R  of  the  substrate  satisfy  tlie  following 
condition; 


R< 


■  2(h^  +  h|-) _ 

(a^-  aj)(T-  To)  + 


when  hj.  ~  lij- 


(5) 


Let  us  suppose  that  this  condition  is  met.  We  wish  to  calculate  the  strain  in  the 
substrate  and  film.  To  do  this  it  is  necessary  to  first  calculate  the  torque  in  an 
unbent  substrate,  and  next  calculate  the  amount  of  bending  necessary  to  generate  a 
compensating  torque: 


Consider  an  unbent  substrate  with  a  film  on  one  side  only.  The  equilibrium 
balance  of  forces  is  given  by  the  analogue  of  equation  2: 


ajh(-  +  o,jh,.  =  0  or 

(6a) 

S^h^  +  S|hj-  =  0 

(6b) 

Tliese  forces  form  a  couple.  The  torque  T^,  of  that  couple  about  the  interface  is: 


Since  the  torque  of  a  couple  is  independent  of  the  point  about  which  it  is 
measured,  this  is  the  torque  about  the  center  of  the  whole  film  and  substrate. 
Equations  6b  and  7  can  be  combined  to  yield: 

S,.1k  S.h,- 

T^,  -  I-;  (Iis  +  ''f>  =  V  O's  +  'if^ 

The  next  step  is  to  allow  the  beam  to  bend;  this  creates  a  compensating  torque. 
Let  us  c  ilculate  the  magnitude  of  that  torcpie  Tg  about  the  center  of  the  combincil 
film  and  substrate.  At  that  point  we  define  /.  =  0  where  /.  is  the  distance  normal  to 
the  film  plane.  Let  the  strain  at  the  outside  surface  due  to  bending  be  S|,.  Then  the 
strain  S'  due  to  bending  is  given  by 

S'  =  l-!l— .  (9) 

hs  +  hf 
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The  torque  due  to  bending  is  given  by 

M;  (II5  +  hj  ) 

Tb=  b  j S'ZdZ 

+h,-) 

The  combination  of  equations  9  and  1 0  yields 

_(h,  +  h,)-i:Sh 

- ;; - 

In  order  for  the  torques  to  be  balanced,  expressions  8  and  1 1  must  be  equal: 


T„tT|,  =  0 


Tlie  result  is 


Sb  =  3 


•’s  +  '’f 


SJi„ 

=  -3 

h,+  h,- 


Tlie  total  torque  on  the  exterior  substrate  surface  is; 


Sb  +  Ss  =  S,  I  - 


h,  +  h, 


The  total  torque  on  the  exterior  film  surface  is: 


3  hr 

Sr  -  Su  =  Sr  1  -  - — 

'  "  '  li  +  h,- 


where.  for  the  film  on  one  side  of  the  substrate  only.  Sj-  is  given  by  the  analogue  of 
equation  4: 


^  Ipl  +  Sp 

hf 

1  +-^ 


bquations  14  and  1  5  are  plotted  in  F'’gure  10.  It  shows  the  strain  at  the 
surfaces  of  a  bent  film  as  a  function  of  fractional  substrate  thickness.  Figure  10 
shows  that  the  strain  at  either  surface  can  be  either  compressive  or  tensile  depending 
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on  the  relative  thickness  of  film  and  substrate.  The  stress  at  the  exterior  film  surface 
is  tensile  if  the  substrate  is  more  than  twice  as  thick  as  the  film;  that  stress  is  com¬ 
pressive  if  the  substrate  is  less  than  twice  as  thick  as  the  film.  The  stress  at  the 
exterior  substrate  surface  is  tensile  if  the  substrate  is  more  than  half  as  thick  as  the 
film;  if  the  substrate  is  thinner,  that  stress  becomes  compressive. 

The  situation  is  perhaps  easier  to  understand  by  referring  to  Figures  11-15. 
Tliere  the  strain  throughout  ihe  thickness  of  both  film  and  substrate  is  plotted  for 
various  film  and  substrate  thicknesses.  Since  cracks  originate  at  the  surfaces  and  not 
in  the  interior  it  is  desirable  to  have  a  substrate  that  is  less  than  twice  the  film  thick¬ 
ness;  then,  any  cracks  will  first  appear  in  the  substrate.  It  is  even  more  desirable  to 
have  a  substrate  that  is  less  than  lialf  the  film  thickness  since  then  both  exterior  sides 
are  in  compression,  and  should  not  crack.  Hxperimentally  we  are  growing  films 
about  25  n  thick. 

4.  Results  of  Massive  Crystal  LPE 

The  crystals  grown  in  this  way  are  characterized  as  follows:  The  magneto-optic 
rotation  is  I  -  3  x  10^°/cm.  Several  crystals  have  over  45°  rotation  per  pass.  All  of 
the  crystals  have  stripe  domains.  However,  the  stripes  are  not  of  the  quality 
necessary  for  laser  beam  steering.  The  cause  for  this  seems  to  be  Region  II  growth. 

Tlie  substrate  has  been  removed  from  crystals  3mm  x3mm.  The  removal,  and 
with  it  the  removal  of  the  bending  strain,  does  not  improve  the  domain  quality 
substantially.  A  pronounced  hill  and  valley  structure  developed  during  growth  on 
the  surface  of  crystals  thicker  than  25  /am.  The  removal  of  this  outermost  region 
improves  the  domain  structure  only  slightly. 

Both  the  outer  and  inner  sides  have  been  ion  machined.  This  process  ought  to 
remove  the  surface  strains  and  normally  docs  impreve  the  domain  wall  mobility.  The 
effect  of  etching  a  smooth  BiYbIG  crystal  in  hot  phosphoric  acid  is  to  create 
numerous  pits.  The  BiYbIG  crystals  so  grown  are  probably  grown  in  Region  II. 

The  hill  and  valley  structure  takes  the  form  of  ( 1 1 0)  faces  with  rapid  growth 
occurring  in  the  (100)  direction  (as  opposed  to  the  desired  (III)  direction).  This  is 
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STRAIN 


Figure  1 1 .  Strain  vs.  Distance  for  Film  Thickness  1/9  of  Substrate  Thickness. 


STRAIN 


Figure  12.  Strain  vs.  Distance  for  Film  Thickness  1/2  of  Substrate  Thickness. 
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Figure  1 3.  Strain  vs  Distance  for  a  Film  and  Substrate  of  Equal  Thickness. 


UNBENT 


Figure  14.  Strain  vs  Distance  for  a  Film  Twice  as  Thick  as  the  Substrate. 
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particularly  noticeable  on  the  edges  of  the  substrate  where  (110)  plates  grew  in 
( 1 00)  directions  at  rates  of  1 5  /rm/min.  The  plates  contain  stripe  domains  and  ±45° 
of  rotation  was  observed  in  some  of  these  plates. 

In  summary  a  method  has  been  devised  and  demonstrated  for  preventing 
epitaxial  BRIG  fracture.  The  main  advantages  of  LPE  are  incorporated  into  this 
method:  planar,  nearly  perfect  substrate  crystals  are  culled  and  the  substrate  crystal 
prefection  is  available  to  the  epitaxial  crystal.  Region  I  growth  must  be  guaranteed 
and  so  in-plane  lattice  match  measurements  for  these  crystals  must  be  obtained. 

F.  BiGGG  Substrates 

The  use  of  BiGGG  (bismuth  substituted)  substrates  to  reduce  thermal 
expansion  difficulties  was  investigated.  Sufficient  bismuth  substitution  should 
increase  the  lattice  constant  and  thermal  expansion  coefficient  of  the  substrate 
and  allow  for  a  better  film  substrate  match.  These  substrates  were  prepared  at 
Sperry  Research  Center.  The  substrates  were  sliced  from  In.lk  crystals  grown 
from  a  PbO  flux.  The  substrates  were  polished  in  our  labs.  X-ray  fluorescence 
indicated  the  presence  of  bismuth  in  the  substrate  material. 

A  BiYblG  crystal  was  successfully  grown  on  one  of  tb.*  BiGGG  substrates. 

X-ray  data  for  the  thermal  dependence  of  the  lattice  mismatch  is  shown  in 
Figure  16.  A  second  BiYblG  crystal  was  grown  under  identical  conditions  and  its 
x-ray  data  is  also  shown  in  Figure  16.  The  similarity  of  the  two  curves  suggests  that 
the  two  substrates  are  not  very  different.  Other  x-rav  data  shows  that  (contrary  to 
expectation)  the  lattice  constant  for  the  BiGGG  substrate  is  smaller  than  that  for 
the  GGG  substrate.  Since  the  slopes  of  curves  are  very  similar,  it  would  appear  that 
there  is  not  much  Bi  (which  should  increase  the  thermal  expansion  coefficient)  in 
the  BiGGG  substrate. 

The  growth  of  these  two  films  is  probably  Region  II  type  where  the  room 
temperature  film  stress  is  independent  of  room  temperature  lattice  constant 
mismatch.  For  this  type  of  growth  the  smaller  lattice  of  the  .substrate  should  have 
improved  the  room  temperature  lattice  constant  match,  but  this  was  probably  more 
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than  compensated  for  by  the  increased  thermal  coefficient  of  expansion  of  the 
BiGGG  substrate. 

G.  Graded  Interfaces 

Another  method  investigated  to  reduce  this  thermal  mismatch  problem  was  the 
use  of  a  graded  interface  where  intermediate  crystal  layers  are  grown  to  ease  the 
transition  from  the  substrate  to  the  final  film  layer.  Epi-layers  of  BiYGG  and  BiGGG 
were  grown  in  order  to  1 )  determine  how  to  accomplish  Bi  substitution  in  a  gallium 
garnet  substrate  and  2)  determine  whether  epitaxial  Bi-Fe  garnet  crystals  can  be 
grown  in  turn  on  a  graded  interface. 

Several  crystals  of  Bi^Y3_^Ga50|  n  and  Bij^Gd2_jjGa50|2  were  grown  on 
(Ml)  GGG  substrates  from  a  BioO^  melt  containing  nearly  stoichiometric  amounts 
of  Y-jO^  and  Ga203.  X-ray  data  shows  that  very  little,  (x  <  .1),  bismuth  substituted 
into  these  crystals.  Upon  the  suggestion  of  Dr.  Kestigian  at  Sperry  Research  Center, 
an  amount  of  PbO  equal  to  the  amount  of  Bi-)©^  was  added  to  the  Gd  melt. 

Crystals  of  BiGGG  were  grown  with  x  ^  .2. 

X-ray  data  taken  on  three  of  these  crystals  showed  that  the  lattice  constant  of 
the  epi-layer  was  smaller  than  that  of  the  substrate  at  room  temperature.  This  is 
consistent  with  the  bulk  grown  BiGGG  crystals  grown  at  Sperry  Research  Center. 

The  data  also  showed  that  the  lattice  constant  mismatch  was  independent  of  both 
measurement  temperature  and  growth  temperature.  This  is  further  indication  that 
only  a  .small  amount  of  bismuth  went  into  the  film  layer,  and  also  indicates  that  the 
growth  is  described  by  Region  I. 
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In  connection  with  Bi  substitution  in  GGG,  Sturge,  Blank,  and  Wolfe^^  have 
reported  on  the  Nd  distribution  coefficient  in  epitaxial  YAG.  They  found  that  the 
distribution  coefficient  is  much  larger  for  ( 1 1 0)  faces  than  for  ( 1 1 1 )  faces  at  certain 
Nd  melt  concentrations.  What  this  means  is  that  more  Nd  substitutes  into  a  (1 10) 
YAG  epi  layer  than  a  (1 1 1 )  YAG  epi  layer.  A  similar  effect  may  be  causing  the  low 
Bi  substitutions  into  our  (111)  GGG  epi-layers. 

Several  of  the  BiGGG  epi-layers  were  used  as  intermediate  layer  substrates  for 
BiYblG  crystals.  Figure  17  shows  that  the  lattice  match  Aa-*-  for  the  BiGGG  layer 
and  GGG  substrate  changes  when  a  BiYblG  layer  is  grown  over  the  BiGGG  layer. 
The  small  shift,  0.002A,  which  is  close  to  the  limit  of  experimental  error,  indicates 
only  a  slight  mechanical  relaxation  in  the  BiGGG  layer. 

Figure  18  shows  the  thermal  dependence  of  lattice  match  relative  to  the  GGG 
substrate  for  three  BiYblG  crystals  grown  on  BiGGG  intermediate  layers  along  with 
a  BiYblG  crystal  grown  directly  on  the  GGG  subst.ate.  The  slopes  of  the  curves 
show  that  all  the  films  have  nearly  the  same  coefficient  of  thermal  expansion.  The 
curve  for  the  film  grown  directly  on  the  GGG  substrate  does  not  differ  significantly 
from  those  grown  on  the  intermediate  layer,  therefore  the  intermediate  layer  does 
not  have  a  significant  effect.  The  room  temperature  lattice  match  of  the  BiYblG 
layer  relative  to  GGG  is  apparently  a  function  of  the  growth  temperature  ,*nd  is 
plotted  in  Figure  19.  This  curve  indicates  that  the  lattice  constant  of  the  unstrained 
film  is  increasing  with  growth  temperature  at  a  rate  of  0.0005A  per  °C.  This  is 
contrary  to  previous  data  where  the  lattice  constant  of  unstrained  crystals  was  found 
to  decrease  with  increasing  growth  temperature  (Figure  20).  Since  the  films  in 
Figure  19  were  grown  at  ten.peratures  close  to  the  freezing  point,  this  discrepancy 
might  be  due  to  the  strong  dependence  of  viscosity  and  diffusion  rates  on 
temperature.  Diffusion  rates  probably  affect  crystal  composition.  In  any  ca.se,  the 
free  crystal  lattice  constant  cannot  be  determined  from  the  growth  temperature.  A 
room  temperature  lattice  constant  smaller  than  the  substrate  would  indicate  Region 
I  growth.  A  room  temperature  lattice  constant  larger  than  the  substrate  would 
indicate  Region  II  growth.  Growth  in  cither  region  results  in  a  thermal  expansion 
coefficient  of  approximately  1.01  x 

•  ^sturge.  Blank,  Wolfe,  Mat  Res  Bull.  Vol.  7  989-998  ( 1 972) 
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Figure  1  7.  Lattice  Match  for  a  BiGGG  Intermediate  Layer  Relative  to 
the  GGG  Substrate.  The  BiYbIG  Layer  Introduces  a  Small 
Change  in  the  Lattice  Match. 
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Figure  18.  Lattice  Match,  Aa-*-,  for  BiYblG  Relative  to  the  CiGC:  Substrate: 

-  With  BiGGG  Intermediate  Layer 

- Without  Intermediate  Layer 
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ROOM  TEMPERATURE 
LATTICE  CONSTANT  (A) 


Figure  20.  Lattice  (  onstant  vs.  ('irowth  Temperature  tor  BiYblC  Crystals. 
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Tlie  graded  interface  system  of  BiGGG  does  not  appear  to  solve  the  thermal 
match  problem.  The  interface  must  be  grown  in  Region  I  and  the  deflector 
BiYblG  layer  must  be  grown  in  Region  I.  llius,  the  substrate  lattice  will  predomi¬ 
nate  throughout  the  layers  unless  mechanical  relaxation  occurs.  The  question  of  how 
much  relaxation  is  available  from  the  BiGGG  system  should  not  be  treated  until  it  is 
possible  to  substitute  more  Bi  into  the  layer  and  thereby  obtain  thermal  properties 
HI  the  intermediate  which  are  similar  to  the  thermal  properties  of  BiYblG. 

H.  Top  Seeded  BRIG  Rods 

Lineras^^  and  Kestigian*  ^  have  reported  the  growth  of  top  seeded  YIG  rods. 
Their  technique  employs  a  BaO-0.6B2O3  solvent  heated  in  such  a  way  that  the  top 
of  the  melt  where  the  (isothermal)  growth  occurs  is  at  least  20°C  hotter  than  the 
bottom  of  the  melt  where  solid  YIG  nutrient  is  located.  Tlie  melt  is  less  dense  than 
YIG  so  any  extraneously  nucleated  crystal  sinks  to  the  bottom;  furthermore  YIG 
melts  congruently  in  this  system*^.  In  view  of  the  ease  of  obtaining  rods  reported 
by  Lineras  and  Kestigian  it  was  decided  to  probe  this  method  to  obtain  rods  of 
BRIG. 

In  his  1962  article,  Lineras  presents  a  rationale  for  adjusting  the  composition  of 
the  stable  phase  by  changing  the  relative  amounts  of  Ba  and  B  in  the  solvent.  Tire 
more  B,  the  more  Fe  in  the  stable  phase.  The  first  question  in  adapting  the  top 
seeded  method  to  BRIG  is  what  happens  to  the  solvent/stablc  phase  relation 
when  BiT03  is  added  to  the  melt?  The  second  question  is,  can  growth  occur  in 
such  a  way  (eg.,  low  enough  temperature)  that  a  useful  amount  of  Bi  goes  into  the 
crystal? 

Several  rods  of  BiYIG  were  grown  as  follows:  A  solid  polycrystalline  piece  of 
Bi|  YoFe^O]  ^  garnet  was  prepared  by  pressing  the  mixed  oxide  powders  and  firing 
overnight  at  980°C*^.  Tliis  poly-crystal  was  used  as  a  nutrient.  The  phase  diagram  of 

•^Lineras,  J.  Appl  Phys.  35,  2  (1964)  433^35 
^^Kestigian,  J.  Am.  Ceram.  Soc.  50,  3  (1967)  165-166 
Lineras,  J.  Am.  Ceram.  Soc.  45,  7  (1962)  307-310 
•^Geller,  et  al,  Appl  Phys.  Lett  3,  2  ( 1 963)  21-22 
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Levin  and  McDanieh”  was  used  as  a  guide  for  adjusting  the  growth  temperature:  the 
solvent  contained  41.6  mole  %  B^Oj.  The  largest  rod  was  6nim  dia.  and  about 
6mm  long.  The  period  of  growth  was  7  days.  The  rod  was  self  seeded  on  a  piece  of 
Pt  wire  which  initially  projected  about  1mm  into  the  melt.  Once  nucleation 
occurred,  the  wire  and  growing  crystal  were  raised  (manually)  about  1  mm  a  day. 

The  growth  temperature  was  1 100°C  and  the  gradient  50°  over  the  4  cm  melt  depth. 

Thus  the  growth  of  crystal  BRIG  rods  can  be  accomplished  via  the  top  seeded 
technique.  The  amount  of  Bi  in  the  rod  must  be  maximized,  and  this  is  the  next 
step. 


A  BiYlG  rod  was  examined  via  x-ray  lluorescence  for  Bi  content.  The  result  is 
that  the  Bi  peak  for  the  rod  is  only  0.09  the  intensity  of  the  fired  material  Bi  peak. 
Using  a  linear  approximation,  the  rod  contains  only  0. 1  Bi  per  formula.  Thus  it  is 
imperative  that  the  technique  be  altered  to  obtain  more  Bi.  Figure  3  shows  that  at  a 
given  growth  temperature  more  Bi  substitutes  into  the  Yb  garnet  than  into  the  Y 
garnet.  Since  it  is  difficult  to  grow  rods  at  a  temperature  lower  than  1 100°C.  it  is 
worthwhile  to  try  a  Yb  melt  to  take  advantage  of  the  greater  rate  of  substitution. 

The  difficulty  in  obtaining  the  low  (~  980°C)  growth  temperatures  reported  by 
Linerasis  that  other  phases  show  up.  Transparent  hexagonal  platelets  containing  Ba, 
Yb  or  Y,  O,  and  a  trace  of  B  (Arc  Spectroscopy)  occur  when  bar. urn  rich  melt,5  are 
cooled:  barium  ferrite  crystals  occur  in  boron  rich  melts.  The  plates  effec¬ 
tively  set  a  lower  limit  of  ~  1020°C  on  the  growth  temperature. 

Three  other  solvent  systems  were  examined  as  alternatives  to  barium 
borate:  1 )  bismuth  borate  2)  bismuth  barium  borate  and  3)  disodium  oxide 
molybdenum  oxide.  The  bismuth  borate  system  is  attractive  since  Bi202  dissolves 
Fe-jO^  more  readily  than  it  dissolves  rare-earth  oxide  as  is  the  case  with  BaO.  Based 
on  the  rationale  of  Lineras(J  Am  Cer  Soc  1962).  B-iO^  should  be  added  to  make 
iron  garnet  the  stable  pha.se.  To  this  end  the  Bi^O^-  B-tO^  system  was  checked.  The 
phase  diagram  of  Levin  and  McDaniel"  resembles  the  BaOB-)0^  systeu  in  that  it 
contains  a  series  of  eutectics,  the  lowest  occurring  at  20  mole  B')03  and  622°C. 

"*^Levin  et  al,  Phase  Dia.  Ceram.,  Am  Cer  Society  1964 


41 


When  YIG  is  introduced  to  this  system,  dark  red,  magnetic  prisms  formed  in  the 
5-10  mole  7r  range.  Clear,  non-magnetic  rhombohedra  formed  with  15-309f 
B-)03  in  the  solvent.  Thus  garnet  does  not  appear  to  be  a  congruent  stable  phase  for 
the  bismuth  borate  system. 

hlwell  et  al“  reported  on  the  bismuth  barium  borate  system  (J.  Cryst  (Jrowth 
16  (1972)  67-70).  This  system  has  the  advantage  that  it  is  a  glass.  A  eutectic  at  23.4 
BaO:  62.4  BiTO^;  14.2  B-yO^  with  a  temperature  of  600°C  could  not  be  reproduced 
in  our  check  of  this  sytem. 

The  use  of  certain  solvents  such  as  Na-iO-  M0O3'®  may  result  in  lowered 
growth  temperatures  and  consequently  more  Bi  substitution.  Until  more  evidence 
exists  for  such  a  result  the  top  seeded  growth  of  rods  must  be  deferred. 

1.  Bulk  BiYblG  Crystals 

Several  bulk  crystals  of  BiYblG  were  grown.  Tlie  composition  is  estimated  as 
Bi|  Yb-jPe^Oi  t.  Several  (110)  platelets  were  polished  to  ~  50  gm  thickness,  and 
domains  were  observed  with  Faraday  rotation  as  large  as  ±90°.  Tlie  domains  were 
not  uniform  due  to  zoning  and  small  inclusions  in  the  bulk  crystal.  The  use  of  bulk 
crystals,  particularly  those  grown  isothermally,  seems  to  hold  some  promise. 


Flwell  et  al.  J.  Cryst,  Growth  16  (1972)  67-70 
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SECTION  III 
DRIVE  ELECTRONICS 


A.  Background 

The  inherent  polar  symmetry  of  the  stripe  domain  grating  suggests  two  modes 
of  scans  I )  azimuthal,  and  2)  radial.  In  the  azimuthal  scan  mode,  the  domain  pattern 
rotates  at  a  constant  rate  and  the  domain  width  increments  once  per  cycle.  In  the 
radial  scan  mode  the  domain  spacing  changes  in  a  controlled  fashion  and  once  every 
sweep  the  domain  angle  changes.  These  two  modes  utilize  all  of  the  available  spots  in 
diffraction  space.  An  optical  system  is  used  to  convert  the  polar  scan  to  an  \-y, 
Cartesian  raster.  Such  a  system  could  be  a  mirror  which  is  a  parabola  of  revolution 
with  the  grating  mounted  at  the  focus  and  the  recording  film  located  concentric  to 
the  axis.  The  generation  of  the  drive  field  is  most  easily  accomplished  in  the 
azimuthal  mode;  the  x  and  y  coils  are  driven  in  quadrature  with  a  sine  wave  which  is 
slowly  amplitude  modulated.  Thus,  large  reverse  inductive  spikes  are  avoided. 

B.  Drive  Circuitry 

1.  Spinning  Scan 

As  a  starting  point  for  the  design  of  the  light  dellector  electronics,  low  fre¬ 
quency  Helmholtz  coil  drivers  were  designed.  The  prototype  circuit  served  both  as 
an  interim  demonstrator  and  as  a  foundation  for  further  studies  on  specialized  sweep 
circuitry.  Figure  21  is  a  schematic  of  the  Helmholtz  coil  drivers.  A  380  Hertz  sine 
wave  was  converted  into  two  amplitude  modulated  quadrature  sine  waves  that  drove 
two  sets  of  orthogonal  Helmholtz  coils.  An  oscilloscope  photograph  of  the  field 
space  of  the  Helmholtz  coils  appears  as  an  insert  to  Figure  21 .  Since  the  stripe  do¬ 
main  sample  is  located  in  the  field  space  of  the  Helmholtz  coils  it  experiences  the 
radially  incremented  spinning  field. 

2.  Radial  Sweep  Scan 

Further  experimentation  indicated  that  when  the  diffracted  spots  are  initially 
at  rest,  25  Oe  of  field  is  required  to  move  the  stripes  out  of  the  rest  position.  Once 
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COUNTER  0/A  CONV. 
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Figure  2 1 .  Circular  Field  Generator. 


the  stripes  are  moving  they  respond  well  to  the  spiralling  field.  Apparently  the 
grating  as  a  whole  does  not  turn  easily  in  the  presence  of  small  fields.  However,  if 
the  film  is  brought  to  saturation  and  then  returned  to  its  rest  position  along  a 
particular  radial  in  field  space  the  grating  need  not  turn  at  all.  For  fields  greater  than 
saturation  there  are  no  domains  but  as  the  field  sweeps  down  a  radial  a  field  point  is 
reached  where  domain  wall  nucleation  occurs.  The  walls  nucleate  parallel  to  the  field 
and  therefore  there  is  no  need  to  turn  the  grating  before  the  next  trace.  The  grating 
direction  is  inherently  locked  to  the  direction  specified  by  that  radial.  As  the  field 
continues  to  drop  toward  0  the  grating  spacing  increases,  thus  diminishing  the  angle 
of  diffraction.  At  0  field  the  electronics  retraces  the  field  back  to  a  value  above 
saturation,  increments  the  radius  an  angle  <j>  and  repeats  the  entire  process  as  shown 
in  Figure  22.  The  circuit  of  Figure  21  was  modified  to  provide  the  type  of  field 
indicated  in  Figure  22.  Figure  23  is  a  schematic  of  the  modified  circuit.  The  oscillo¬ 
scope  photograph  insert  to  Figure  23  represents  the  field  space  as  generated  by  the 
circuit.  That  field  is  constructed  in  the  following  manner.  The  counter  clock  input  is 
switched  off  and  the  jam  inputs  are  programmed  for  some  desired  maximum  vector 
field  value.  Normally  that  would  just  provide  a  constant  radius  rotating  field.  How¬ 
ever.  at  preset  intervals  field  effect  transistors  gate  off  the  coil  drive  electronics 
forcing  the  magnetic  field  to  collapse  to  0  along  a  radius.  In  the  photo  there  are  20 
such  interrupts,  each  lasting  but  a  fraction  of  the  circumferential  time  and  each 
exhibiting  a  high  degree  of  linearity. 

In  order  to  achieve  high  speed  linearity  in  a  magnetic  deflection  coil  it  is 
necessary  to  account  for  the  coii  inductance,  resistance  and  capacitance.  Usually 
the  capacitance  is  small  enough  to  be  ignored  during  the  trace  lime  and  may  or 
may  not  be  ignorable  during  retrace  time.  Often  a  certain  amount  of  capacitance 
is  designed  into  a  defiection  coil  in  order  to  obtain  a  resonant  type  retrace  mode. 

In  the  following  analysis  the  stray  capacitance  is  disregarded.  Refer  to  Figure  24, 
an  LR  circuit  with  waveforms  pertinent  to  this  discussion.  The  question  to  be 
answered  is,  what  kind  of  forcing  function  e(t)  is  required  to  produce  a  current 
sawtooth  in  the  LR  circuit?  The  analysis  will  show  that  function  to  be  a  trapezoidal 
waveform. ““  Consider  first  the  inductance  L.  During  the  trace  time  the  circuit 


“Fink,  Television  engineering. 
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Figure  22.  Radially  Scanned  Field. 
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current  is  i  =  At  for  a  sawtooth  where  A  is  tlie  slope  of  the  ramp  f  — j  ’  ^  ‘•'onstant 
for  any  given  ramp.  The  voltage  across  the  inductance  is 


eL=Lilili>. 

^  dt 


Substituting  At  for  i(t)  gives 


_ I dAt  _ 


=  L 


dt 


=  LA. 


Therefore  is  a  constant  voltage  and  the  higher  the  slope  or  the  higher  the 

inductance  L,  the  greater  the  applied  voltage  must  be  to  meet  the  ramp  require¬ 
ments.  During  retrace  the  same  analysis  applies  but  with  A  instead  of  .  How¬ 
ever  T')  «T|  so  that  the  retrace  voltage  must  be  much  greater  in  magnitude  than 
the  trace  voltage.  The  reactive  voltages  required  to  produce  the  trace  and  retrace 
currents  are  of  opposite  polarity  and  follow  each  other  in  time  as  shown  in  Figure 
24c.  The  resistive  part  of  the  circuit  satisfies  the  equation 


e|^  =  i(t)  R 

and  will  follow  the  ramp  current  as  shown  in  Figure  24d.  Superposition  of  the 
reactive  voltage  e^  and  the  resistive  voltage  ej^  produces  the  trapezoidal  forcing 
function  of  Figure  24e. 


Any  television  circuit  designer  knows  how  to  generate  a  trapezoidal  waveform. 

Figure  25  is  a  typical  method.  During  the  trace  time.  T|,  transistor  Q  is  turned  off 

and  capacitor  C  charges  up  to  approximately  through  resistors  Rp  and  R|.  At 

retrace  time  the  transistor  throws  a  short  across  Rp  and  C  forcing  C  to  rapidly 

discharge.  If  the  R-C  time  constant  is  made  equal  to  the  —  time  constant  of  the 
”  R 

coil  driven  by  the  circuit,  an  essentially  linear  current  ramp  in  the  LR  circuit  results. 


The  saturated  switch  method  of  the  last  paragraph  works  well  enough  if  Vcc  is 
a  constant  voltage,  but  not  at  all  when  Vcc  is  a  time  varying  voltage.  If  the  retrace 
has  to  jump  to  .some  large  positive  or  negative  value  of  voltage  the  circuit  also  fails 
to  function  properly.  Now,  in  the  light  dellector  coils,  the  current  must  sweep 
linearly  from  a  magnitude  greater  than  the  crystal’s  saturation  value  down  to  zero 
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and  then  rapidly  retrace  back  out  to  the  saturation  magnitude  for  angular 
incrementation.  To  accomplish  this,  a  new  trapezoidal  generator  circuit  had  to  be 
designed  that  would  both  admit  a  low  frequency  modulation  and  provide  for 
rapid  retrace  out  to  some  voltage.  Figure  26  is  the  result  of  that  design  effort. 

The  two  Held  effect  transistors  are  used  as  analog  gates.  During  retrace  O2  is  on 
and  Q|  is  off  and  C  charges  up  to  the  instantaneous  value  of  the  30  cps  modulating 
voltage.  During  retrace  0|  turns  on,  Qi  turns  off,  and  the  capacitor  begins  to  dis¬ 
charge  toward  ground  producing  the  trace  portion  of  the  cycle.  Trace  time  is  again 
followed  by  a  retrace,  but  this  time  to  a  slightly  different  instantaneous  voltage  and 
the  cycle  repeats  itself.  In  this  manner  a  modulated  trapezoidal  voltage  is  produced. 

Figure  27  is  a  schematic  of  a  circularly  modulated  trapezoidal  carrier  circuit. 
Also  in  Figure  27  are  oscilloscope  photographs  of  salient  voltages  in  the  circuit. 

When  this  circuit  is  connected  to  a  yet  to  be  designed  power  amplifier  it  will  be 
possible  to  generate  a  magnetic  field  that  sweeps  from  some  large  value  dowrt  to  near 
ground  in  35  psec  and  then  retraces  back  up  to  that  large  field  value  in  approxi¬ 
mately  2  Aisec.  Kach  retrace  is  followed  by  an  angular  increment  and  hence  360°  of 
field  space  can  be  scanned  in  a  rosette  fashion. 

3.  Semicircle  Radial  Scan 


Magneto-optic  liglit  deflector  crystals  inherently  produce  2  diametrically 
opposed  beams.  Although  there  are  optical  methods  available  to  combine  the  2 
beams  it  seemed  reasonable  to  think  about  a  semicircular  field  generator  in  the  event 
that  optical  recombination  be  undesirable.  This  would  keep  one  beam  from  scanning 
territory  already  scanned  by  the  other  beam  when  the  system  is  driven  with  a  full 
circle  of  field.  One  obvious  way  of  generating  a  semicircular  field  is  to  generate  a  full 
circle  of  field  and  gate  it  off  SfY/i  of  the  time.  This  wastes  system  time  and  a  more 
efficient  method  was  investigated.  Figure  28  is  the  block  diagram  of  a  prototype 
system  that  produces  a  radially  scanned  semicircular  magnetic  field. 
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6.  Sine  Modulated  Trapezoid  Cienerator 


Figure  27.  Circularly  Modulated  Trapezoid  Generator 
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It  was  known  that  in  order  to  make  a  semicircular  magnetic  field  in  Cartesian 
coils  the  following  parametric  equations  of  the  currents  had  to  be  satisfied. 


X  =  |sin  cjtl,  -TT  <  ojt  <  JT 


cos  cot),  "ir  <  cut  <  0 


Iq  cos  cut  ,  0  <  cut  < 


X  is  essentially  the  output  of  a  full  wave  rectifier  while  Y  can  be  recognized  as  the 
unfiltered  output  of  a  phase  detector  that  has  the  reference  port  in  quadrature  with 
the  signal  port.  In  Figure  28  the  lock  in  amplifier  was  utilized  as  the  phase  detector 
to  generate  the  Y  axis  signal  directly.  One  integration  of  the  Y  signal  produced  the 
X  axis  signal.  The  following  analysis  will  show  that  the  integration  of  the  Y  signal 
yields  the  X  signal.  Consider  the  2  functions  f(t)  and  g(t)  with 


f(t)  =  Isin  cjt|,  -TT  <  cut  <  ff 


g(t)  = 


•cos  cut.  “JT  <  cut  <0 


cos  cut,  0  <  X  <  Jf 


The  Fourier  series  of  f(t)  is 


f(t)=2-i.  v  cos  2n  cut 

TT  ^1  I  A  ^  t 

h=l  4n“-l 


The  Fourier  series  of  g(t)  is 


8  ”  nsin2i,  u..l, 
'n=l  I"'-' 

One  time  integral  of  g(t)  gives 


i/ 


y  nsin  2n  cut 


-1  4n--l 


dt  = 


oo 


lit  if 


8 

TT 


uniform  convergence  is  applicable  except  perhaps  at  jump  discontinuities  where 
Dirichlet  conditions  apply.  Carrying  out  the  integration  for  any  n  gives 


I 


n  sin  2n  ut  dt 
4n--  1 


n  cos  2n  cot 
2n  CO  (4n“  1 ) 


Substituting  back  into  the  summation  gives 
8  ~  cos  2n  cot  ^ 

~  ~  ^  T  '■11 

^  n=l  2co(4n--l) 


_  -4  2  cos  2n  cot 

n=l  4n"-l 


g(t)dt. 


This  is  essentially  equal  to  f(t)  except  for  2  things:  1 )  a  ti  e.  offset  term  that  can  be 

eliminated  by  capacitive  coupling  and  2)  the  factor  — .  That  factor  is  a  function  of 

2iTl 

the  fixed  fundamental  frequency  of  the  system  and  hence  is  a  constant.  The  factor 
can  be  unitized  by  passing  the  signal  through  an  amplifier  of  gain  27rf.  Figure  29  con¬ 
tains  photographs  of  the  waveforns  existing  in  the  radially  incremented  semicircle 
generator.  The  photograph  of  the  polar  coordinate  scan  shows  tlie  aforementioned 
d.c.  offsets.  These  were  not  capacitively  blocked  because  it  was  more  important  to 
preserve  the  low  frequency  response  of  the  system. 


During  the  investigations  on  electronic  circuits  it  was  observed  that  sample  51)1 
contains  what  appears  to  be  low  coercivity  anomalies.  Portions  of  the  diffracted 
beam  move  in  response  to  much  smaller  fields  than  the  main  part  of  the  beam.  The 
effect  can  be  observed  only  when  the  laser  light  is  focused  to  a  very  small  point  on 
the  sample.  Fields  as  low  as  3.8  oersteds  were  sufficient  to  observe  this  ananiolous 
behavior.  Although  this  is  only  a  recent  discovery  it  is  hoped  that  further  investiga¬ 
tions  of  this  phenomenon  will  be  fruitful.  Low  in  plane  coercivity  films  would  be 
ideal.  Until  low  coercivity  films  can  be  easily  fabricated  it  will  be  necessary  to 
continue  to  search  for  indirect  methods  of  accurately  controlling  grating  orientation. 
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X  AXIS  COILS 


Y  AXIS  COILS 


POLAR  REPRESENTATION 


Figure  29. 
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4.  RF  Drive  Scan  Assist 


In  September  of  1973  a  paper“'^  appeared  that  reported  on  resonant  stripe 
domain  steering  in  thin  films  of  (Y  Gd)^(Fe  Ga)^  0|  ->.  The  eport  shows  that 
stripe  domains  line  up  underneath  a  coplanar  transmission  Kne  that  is  driven  at  the 
ferrimagnetic  resonant  frequency  ( 1-2  GHz)  of  the  material.  Although  that  report 
concentrates  on  magnetic  bubble  detection  it  does  indicate  the  feasibility  of  stripe 
domain  steering  by  the  resonance  mechanism. 


It  is  helpful  to  know  a  priori  the  approximate  frequency  needed  to  achieve  t'le 
resonant  condition  in  a  particular  sample.  Tliat  frequency  is  available  from  the  fol 
lowing  formula: 


r 


^^app  ~  ^sat  ^  I 


,  _  2.8  MHz 

where  7  =  gyromagnenc  ratio  = — — 


H.,pp  =  an  applied  de  bias  field 


Mjat  "  saturation  magne;iAation 


H|.  =anisotropy  field  (induced  and/or  iii:ignel(>er> sl.illme) 


Sample  #305  ((TmBi)3(Fe(ia)50|  on  a  GG(i  substrate)  was  selected  Idi  a 
stripe  steering  experiment.  By  Faraday  rotation  -  4  tt  Mj.yj  +  11^.  was  loimd  to  be  50 
oersteds.  Using  50  Oe  and  no  dc  biascj^  was  eoniputeil  to  be  139  Mli/.  m  ilie  al'ove 
equation.  With  this  frequency  in  mind  a  coplanar  transmission  line  svsiem  was 
constructed  in  the  manner  of  Figure  30,  and  placed  in  the  experiment  )i  l  ieurc 
31.  An  rf  driven  coplanar  line  yields  elliptically  polarized  maimetie  fields  in  the 
plane  of  the  line  and  also  in  the  plane  of  a  sample  placed  on  top  of  the  line  With 
r.f.  currents  as  high  as  .5  amp  [X'ak  we  were  unable  to  delect  any  motion  of  the 
stripe  domains  or  to  see  any  indication  of  energy  ab.sorption  at  139  Mil/.  Other 


“'^Dotsch.  Stal.  Appl.  Phys.  Lett.  -  Vol.  23.  I  I  ( 1973 1 
-‘^Wen,  IKFF  Trans  Microwave  M TFI  1 1 960)  1 0S7 
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Figure  3 1 .  Ferrini.ignetic  Resonance  Apparatus 


frequencies  (50  MHz  to  4  GHz)  were  eqiuilly  disappointing.  At  this  time  it  is  not 
known  why  tlie  resonance  mode  was  not  seen.  Some  possibilities,  though,  are: 

1 )  the  rf  magnetic  fields  were  not  elliptically  polarized; 

2)  sample  0  liipb  or  too  low; 

3)  high  coercivities  that  require  large  fields  to  overcome; 

4)  demagnetizing  fields. 

C.  Scan  Control  Module 

During  the  latter  part  of  the  contract  period  a  Scan  Control  Module  and  a  coil 
assembly  were  designed  and  built.  Figure  32  is  a  block  diagram  of  the  SCM.  A  3  Kc. 
TTL  type  pulse  is  converted  into  separate  30  Hz.  sine  anu  cosine  voltages  that  are 
chopped  20  times  each  cycle.  The  dropped  voltages  are  coupled  into  Kepco  liipolai 
Operational  power  supplies  that  source  the  current  for  the  field  coils,  initial  tests  on 
the  system  using  sample  5DI  have  been  encouraging. 

Dcllection  angle  as  a  function  of  applied  field  wa>  measured  on  s.imide  .501 . 
The  light  souree  was  a  6328A  He-Ne  laser.  Figures  33  and  34  are  graphs  of  the 
results  of  the  measurements.  Hacii  graph  eontains  a  curve  for  static  field  deneeiion 
and  a  curve  for  dynamic  field  deflection,  fhe  static  field  curve  was  maile  by 
applying  a  d.c.  field  and  recording  the  dcllection  angle  a  .  the  field  was  slowly 
increased.  The  ilynamic  etirve  was  made  by  ajipl^  ing  an  alternating  field  that  was 
generateil  by  the  deliverable  electronics  to  the  sample  and  measuring  the  width  of 
the  deflection  trace  as  the  peak  to  peak  magnitude  of  the  field  was  slowly  increased. 
Although  the  curves  show  a  maximum  deflection  angle  of  about  800  milliradians. 
deiuctions  of  one  radian  have  been  occasionally  obseixed. 
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Figure  32.  Scan  Control  Module 
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DEFLECTION  ANGLE,  MILLIRADS 


VERTICAL  DEFLECTION 


IN  PLANE  FIELD,  D.C.  OR  PEAK  TO  PEAK  A.C.,  OE. 


Figure  33.  Angle  vs.  Drive 
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HORIZONTAL  DEFLECTION 


l  ijiiirc  34.  Aiiiilo  vs.  Dii'v 
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SECTION  IV 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  stripe  domain  lij-'ht  dellcctor  continues  to  promise  great  advantages  over 
existing  devices  sucli  as  acousto-<>ptic  dellectors.  A  single  stage  x-y  stripe  domain 
detlector  for  example  could  ultimately  offer  two  orders  of  magnitude  more 
resolvable  spots  than  a  two  stage  acousto-optic  detlector  However,  at  present, 
there  are  material  problems. 

The  scan  capability  of  the  magneto-optic  laser  beam  steering  device  at  this 
point  in  time  mirrors  the  level  of  development  ol  the  BRKi  crystal,  fhe  a/.inuithal 
coercivity  of  the  crystal  has  not  yet  been  maile  low  enough  to  use  an  a/iinuth  scan 
and  at  the  same  time  utilize  all  of  the  spots  in  the  LlilTraclion  space,  fhe  drive  field 
required  to  initiate  .in  azimuth  scan  is  about  30  Oe.  I  he  normal  direction  anisotropy 
field  has  not  yet  been  made  small  enough  to  use  a  radial  scan  in  conjiinetion  with 
low-inductance  (micro-henry)  drive  field  coils.  As  a  resiill  the  practical  number  of 
lines  at  30  frames/sec  is  between  50  and  100  lines  whereas  the  design  goal  is  S75 
lines.  The  number  of  spots  per  line  is  about  300. 

The  problem  associated  with  the  fabrication  of  BRKi  crystal  element  has  been 
identified.  The  thermal  expansivity  of  BRKi  does  not  match  tlie  expansivity  of  the 
substrate  crystals.  Asa  result,  if  an  epitaxial  BRKI  crystal  grows  with  a  perfect 
in-plane  lattice  match,  it  will  ilevelop  enough  tensile  strain  to  cause  fracturing  aiul  to 
cause  a  large  normal  strain  induced  anisotropy.  If  the  crystal  does  not  have  a  perfect 
in-plane  match,  the  misfit  dislocations  will  diminish  its  usefulness  by  causing  large 
coercivity. 

Several  alternative  crystal  fabrication  ajiproaches  were  probed  and  one  method.  • 
LRI'i  on  thin  substrates,  appears  to  offer  an  excellent  short  term  solution  to  the 
problem.  All  of  the  component  steps  in  this  a|>proach  have  been  rlemonstrated.  save 
perfect  in-plane  match  verification.  The  best  long  term  solution  is  to  fiiul  a  way  to 
improve  the  thermal  match. 
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It  is  our  recommendation  that  the  BRIG  crystal  problem  be  given  an  intensive 
treatment.  There  is  every  reason  to  believe  that  excellent  BRIG  crystals  can  be 
obtained  and  that  with  these  crystals  every  device  goal  of  the  laser  recorder  could  be 
met  or  surpassed. 


% 
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